The strong diffusion model has been used to solve the one-dimensional heat conduction equation in the light-flash annealing of ion-implanted silicon. The threshold energy for surface melting, the depth of melting, the recrystallization velocity, and the dopant redistribution at different irradiation energy densities for a pulse duration of 100 f-ls have been computed. Liquid-phase impurity diffusion has been used for the calculation of dopant distributions after arc annealing.
I. INTRODUCTION
The short-pulse flash lamp, because of its constructional simplicity and large area irradiation capability has the potential to be a useful tool for annealing of ion-implanted semiconductors. [1] [2] [3] Since the irradiation period of a flash tube (limited by the circuit inductance) is much longer than a Q-switched laser, the mechanism of heat conduction in lightflash annealing is much more accurately approached by the strong thermal-diffusion-limit process rather than the adiabatic process that occurs in the Q-switched laser 4 -6 annealing. The temperature distribution in the semiconductor wafer is determined predominantly by diffusion of the heat absorbed from the light flash at the surface into the bulk of the sample. The threshold irradiation energy required for the silicon surface to melt in light-flash annealing is greater than that in Q-switched laser annealing. This is a manifestation of the fact that more heat is conducted toward the bulk for a longer pulse duration. Furthermore, the optical absorption and reflectivity of the sample at various wavelengths must be considered as one is using a white spectrum rather than monochromatic light.
II. ABSORBED PHOTON INTENSITY
To find the spectral distribution of the flash lamp absorbed by the silicon, we can consider the flash lamp as an ideal blackbody radiator. The color temperature can be estimated from the lamp current.
•
M For high-current discharge flash lamps, the gases in the tube can be considered as fully ionized, and the ion temperature is mainly determined by collisions of conduction electrons with ions. Applying the blackbody spectral distribution as derived by Planck, the total light intensity absorbed by crystalline silicon is found to be
where R is the reflectivity of the sample, alA ) is the absorption coefficient of the silicon, Tis the color temperature. When the Si surface begins to melt, the absorption coefficient in liquid a L is about ten times greater than that in amorphous Si, and is almost independent of the photon wavelength. In the calculation of A (x,t ), we must first determine what fraction of the incident beam is absorbed by the liquid layer and what fraction is transmitted through the liquid layer to be absorbed in the underlying solid region, and then substitute alA ) and R (A ) into Eq. (I) for integration over all the spectrum. This is a somewhat complicated procedure. We can simplify the problem by dividing the solution into two cases. When the input radiation energy is below the threshold energy for the surface to reach melting point, R (A ) and alA ) II are taken to be their solid values. Above the threshold energy, the nonreflected incident flux is assumed to be totally absorbed on the liquid surface. If the discharge current density of the flash tube is below 1457 A/cm 2 with electrode diameters of O. 8 cm, most of the irradiation is distributed at wavelengths longer than 0.4 lim. Since the reflectance of Si in the visible and near infrared region is almost flat, Eq. (I) can be integrated to give the total absorbed photon flux:
whereI L is the incident peak irradiation intensity arriving at the sample surface.
III. THRESHOLD ENERGY DENSITY
The relaxation time for the electronic excitation that results from the absorption of the incident light pulse is of the order of 10-12 sec. Therefore, it is adequate for us to apply the conventional heat diffusion equation to describe the thermal evolution of the irradiated sample within a pulse duration of -100 liS. The one-dimensional diffusion equation with the x-axis orthogonal to the sample surface is
wherep is the density of mass, C is the specific heat, and K is the thermal conductivity in W Icm oK. For the diffusion length much longer than the absorption depth, i.e., Ks 7p
:>as-l, where Ks is the solid diffusion coefficient, the temperature distribution in Si is strongly dependent on the diffusion of the heat absorbed on the surface toward the bulk of the irradiated sample. The thermal conductivity K of silicon is strongly temperature dependent from a value of 1.45 W Icm oK at 300 oK to a value of 0.25 W Icm oK at the melting point. After melting, K is almost temperature-independent and maintains a value of 0.64 W Icm oK which is identical to that of solid Si at T = 600 oK. For temperature-dependent K, the heat conduction equation must be solved by a complex numerical iteration method. In long pulse, high-intensity light-flash annealing, the surface melts very early in the flash duration.
Assuming a temperature-independent K = 0.64 W Icm oK at the molten surface and a wafer with an average preheating temperature of 600 °C is a good approximation to give an analytical solution.
When the thermal conductivity K is temperature-independent, the problem can be solved analytically as given byI2
Xe KU"du}, for O<wt<1T,
where K = K I pc is the thermal diffusivity in cm 2 sec -I. The first term of Eq. (4) is the steady periodic solution, and the second a transient which attenuates rapidly and can be neglected for long pulse durations. The temperature distribution versus depth at various times is shown in Fig. 1 . The time when the surface temperature reaches a maximum occurs nearly at (3/4)7p, e.g., the temperature of the surface increases from the initial time and reaches a maximum at 78 f.isec and then decreases again for an input pulse duration of 100 f.isec. The light pulse absorbed on the surface is converted into local heat instantaneously by electron-phonon excitation, which is then conducted toward the bulk of the sample. When the light intensity is strong enough, the surface begins to melt. The threshold irradiation intensity / r for the silicon surface to melt is obtained by substituting x = 0 and T = T M into Eq. (4). We find
where For a sinusoidal time variation pulse input, the average threshold irradiation energy density in period of 7p with a peak intensity of / { is
The proportionality of E { with (7 p ) as derived in Eq. (6) is the same as the result derived for Q-switched square-wave laser annealing. 13 Since the reflectivity of the amorphous silicon is lower than that of the crystalline Si surface, as can be seen from the milky appearence of the high-dose implanted surface, the threshold energy density for amorphous Si is lower than that of the low-dose implanted crystalline Si surface. Figure 2 shows the dependence of E { on the pulse duration for crystalline and amorphous Si, respectively. The calculated results agree with the experimental data shown in Refs.
(2) and (.14).
IV. MELTING AND RECRYSTALLIZATION VELOCITIES
For irradiation energies greater than the threshold energy, the surface temperature continues to increase and the .,. melting boundary propagates rapidly toward the bulk of the sample. The velocity of the melting front can be evaluated by implementing the energy balance between the irradiation energy conducted through the liquid layer from the surface and the heat conducted through the solid to the bulk, plus the latent heat of melting. This can be written as
where the left-hand side is approximately equal to the total flux absorbed on the surface, L is the latent heat, and (ax B/ at) = V is the velocity of the propagation of the liquidsolid interface. For simplicity, we neglect the transient term and obtain v;:::
From Eqs. (4) and (8), the time evolution of the melt depth at different irradiation energy densities is shown in Fig. 3 .
When the heat conducted from the surface is less than the latent heat, the liquid-solid interface reflects backward to the surface, and epitaxial regrowth of the melting surface occurs. 15 This happens at the instant when
The velocity of the recrystallization front is an important factor that determines the crystal quality of the annealed region and the distribution of the implanted impurity atoms in the wafer. The derivation of the recrystallization velocity after the termination of the light flash is quite straightforward. By equating the latent heat offusion liberated at the freezing front and the heat conducted toward the solid bulk side of the sample, we obtain the recrystallization velocity:
The recrystallization velocity VRc(x,t) as defined at the front of liquid-solid interface is a function of one variable and can be expressed either in dependence on the melting depth or on the reaction time. Figure 4 shows the variation of V Rc versus the depth below the surface for different irradiation energy densities derived from evaluating the negative slopes ofFig.3.
V. DOPANT REDISTRIBUTIONS
Since the duration of the annealing pulse is very short (_10-4 sec), it is not possible, using the typical solid-state diffusion coefficient Ds;:::;; 10-12 cm 2 /sec, to explain an impurity diffusion length which is much greater than 30 A. The dopant distribution is predominately determined by liquidphase diffusion. Applying the Lindhard, Scharff, and Schiott (LSS) theory, 16.17 the implanted dopants after annealing are redistributed according to
where Rp is the projected range, Rp is the standard deviation, and d'-= (.JRp)2 + 2Dt. The diffusion coefficient D for solid silicon is considered to be constant at 10-11 cm 2 /sec, while BFt ion diffusion in liquid silicon is assumed to have the same temperature dependence as the selfdiffusion of silicon 17 and has the form ofD (T) = 2.43 X 10-6 Texp( -4345/T)cm2/sec. 4 We haveD = 3.3X 10-4 cm 2 /sec at the melting point. Equation (11) is applicable for low segregation of impurities at the freezing front. Ion-backscattering spectra 18 indicate that the implanted profile is smeared-out after pulsed-laser annealing and show a less pronounced surface accumulation except for impurities of Ga and Cu. 19 The freezing rate of flash annealing as shown in Fig. 4 is about 30 cm/sec, which is at least three orders of magnitude larger than those of crystal growth from the melt or zone refining. With this freezing rate and the high segregation coefficient of boron in Si, the accumulation of dopant at the liquid-solid interface is negligibly small in flash annealing. (12) where Xm is the maximum melting depth. With the numerical value of V Rc as shown in Fig. 4 , the value v(Dt) is computed numerically and then substituted into Eq. (11) to solve N (x,t ). The impurity profile for different irradiation energy densities for BFt implanted silicon is shown in Fig. 5 . The projected range Rp and the standard deviation Rp are evaluated by taking the factor Z *M * = 0.448 for the value ofB+ ions. 20 The results are compatible with thermal annealing at temperatures near 850 ·C for a duration of about 30 min. 21 In conclusion from the one-dimensional thermal diffusion equation, we obtained a clarification, in a general way, the effects of the absorption coefficient and pulse duration on the threshold pulse energy for surface melting, depth of melting, recrystallization velocity, and dopant redistributions. In microsecond duration light-flash annealing, the recrystallization occurs by liquid-phase epitaxial regrowth, while the thermal conduction is strongly diffusion controlled. Flash-lamp annealing can also be used in the solid phase regime if the flash duration is elongated to milliseconds, where it is similar to fast-scanned cw laser annealing. In Q-switched laser annealing, the thermal conduction is nearly an adiabatic process where the heat conduction toward the bulk can be almost neglected during the very short pulse of irradiation. For milIisecond cw laser annealing, the diffusion process is that of conventional thermal annealing Le., solid-solid epitaxial regrowth. Laser annealing is inhibited by disadvantages of expensive, low efficiency, and small beam profiles. The drawbacks of conventional thermal annealing, i.e., lateral diffusion and outward segregation of the impurities, still occurs in cw laser annealing. nonuniformly of the light irradiation and the shock wave generated in the flash tube.
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